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‡The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205
To assess alternative methods for introducing expressing transgenes into the germ line of zebrafish, transgenic fish that
express a nuclear-targeted, enhanced, green fluorescent protein (eGFP) gene were produced using both pseudotyped
retroviral vector infection and DNA microinjection of embryos. Germ-line transgenic founders were identified and the
embryonic progeny of these founders were evaluated for the extent and pattern of eGFP expression. To compare the two
modes of transgenesis, both vectors used the Xenopus translational elongation factor 1-a enhancer/promoter regulatory
assette. Several transgenic founder fish which transferred eGFP expression to their progeny were identified. The gene
xpression patterns are described and compared for the two modes of gene transfer. Transient expression of eGFP was
etected 1 day after introducing the transgenes via either DNA microinjection or retroviral vector infection. In both cases
f gene transfer, transgenic females produced eGFP-positive progeny even before the zygotic genome was turned on.
herefore, GFP was being provided by the oocyte before fertilization. A transgenic female revealed eGFP expression in her
varian follicles. The qualitative patterns of gene expression in the transgenic progeny embryos after zygotic induction of
ene expression were similar and independent of the mode of transgenesis. The appearance of newly synthesized GFP is
etectable within 5–7 h after fertilization. The variability of the extent of eGFP expression from transgenic founder to
ransgenic founder was wider for the DNA-injection transgenics than for the retroviral vector-produced transgenics. The
bility to provide expressing germ-line transgenic progeny via retroviral vector infection provides both an alternative mode
f transgenesis for zebrafish work and a possible means of easily assessing the insertional mutagenesis frequency of
etroviral vector infection of zebrafish embryos. However, because of the transfer of GFP from oocyte to embryo, the
tability of GFP may create problems of analysis in embryos which develop as quickly as those of
ebrafish. © 1999 Academic Press
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The zebrafish model has proven to be a useful vertebrate
complement to the mouse model. The development of
techniques that allow for large-scale growth of the embryos
and fish has facilitated genetic screens for anatomically
selectable phenotypes in various pathways of vertebrate
development (see Haffter et al., 1996; Driever et al., 1996).
These screens are possible because of the visibility of the
embryo throughout its development. It would be useful to
have live, functional markers of specific regulatory path-
ways of development that could be used to select for
mutants disfunctional in specific gene expression path-
ways. With the development of the use and the mutational
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.modification of the jellyfish green fluorescent protein (GFP)
gene (Chalfie et al., 1994; Cormack et al., 1996; Crameri et
al., 1996; Delagrave et al., 1995; Heim et al., 1994, 1995;
Heim and Tsien, 1996) as a live transgenic reporter gene,
the possibility of producing transgenic reporter organisms
for functional examination and genetic selection of muta-
tions in specific pathways has increased. For zebrafish, this
requires the development of dependable and consistent
technologies for producing transgenic zebrafish which ex-
press live reporter molecules in a manner consistent with
normal biological gene expression.
The development of germ-line transgenesis in zebrafish
has paralleled the early observations of transgenesis made
in mouse. Transgenic fish were produced and in some cases
207
ap
i
p
l
n
O
c
r
1
a
t
p
t
t
t
p
b
z
t
S
(
c
a
p
t
B
f
l
t
c
s
o
o
e
r
o
e
t
1
m
o
m
t
208 Linney et al.gene expression was detected but not necessarily in a
fashion consistent with the regulatory sequences in the
transgene (Stuart, 1988, 1990; Culp et al., 1991). Visible,
live screening of transgenic reporter expression has acceler-
ated the growth of this technology and now there have been
several reports of green fluorescent protein expression con-
sistent with the regulatory sequences used (Amsterdam et
l., 1995; Higashijima et al., 1997; Meng et al., 1997; Long
et al., 1997; Raz et al., 1997).
To explore the possibility of alternative procedures for
producing expressing transgenic zebrafish, we followed the
lead of the Hopkins laboratory (Lin et al., 1994; Gaiano et
al., 1996a,b) and pursued technology that might allow us to
produce expressing transgenic zebrafish via pseudotyped
retroviral vector (Burns et al., 1993) infection of zebrafish
embryos. Our previous experience in working with retrovi-
ral vectors in mouse stem cells (Linney et al., 1984, 1987;
Trevor et al., 1987; Carey et al., 1995) provided us with a
otential outline for producing vectors that might express
n zebrafish embryos. The work of several laboratories
roduced evidence that sequences in Moloney murine
eukemia- and sarcoma-derived regulatory sequences did
ot function to produce transcripts in mouse stem cells.
ne procedure for improving expression in mouse stem
ells was to provide alternative internal promoters in the
etroviral vectors (Rubenstein et al., 1984; Wagner et al.,
985; Linney et al., 1987).
This study describes the design, construction, packaging,
nd embryo infection procedures that allow for the produc-
ion of GFP-expressing transgenic zebrafish through
seudotyped retroviral vector infection. It also compares
he expression patterns of these transgenic embryos with
hose derived via DNA injection of sequences containing
he same internal regulatory sequences. As a proper com-
arison and test, we used regulatory sequences that had
een shown by others to produce expressing transgenic
ebrafish (Amsterdam et al., 1995).
MATERIALS AND METHODS
DNA Constructs
The basic vector used, pMVBgl, was previously described (Lin-
ney et al., 1987) and was originally derived from a retroviral vector
constructed by others (Perkins et al., 1983). The SV40 large T
antigen nuclear translocation domain was introduced into the BglII
site of this vector(1 strand oligo, tgc tgc A GAT CTA CCA AAG
AAA AAG CGT AAA GTA TGA tga gcg tcg gatcc tgctgc; 2 strand
oligo, gca gca ggatccga cgc tca TCA TAC TTT ACG CTT TTT CTT
TGG TAG ATC T gca gca). An enhanced GFP (eGFP) gene was
modified via polymerase chain reaction (PCR) to remove the
translational stop signal and to allow cloning of the eGFP gene in
translational register with the nuclear translocation domain (this
addition was made to the 39 end of eGFP). The Xenopus Ef1-a
enhancer/promoter regulatory sequence (Johnson and Krieg, 1994)
was introduced into the BglII site of this vector 59 of the eGFP gene.The DNA constructs used for the formation of DNA-injection
ransgenics used the pW1 vector (Balkan et al., 1992a,b) that has a
Copyright © 1999 by Academic Press. All rightV40 intron plus polyadenylation site. The Xenopus Ef1-a regula-
tory sequence (XhoI/HindIII fragment cloned between the SalI and
HindIII sites of pW1) was cloned into this vector along with the
modified eGFP gene and SV40 nuclear translocation domain de-
scribed above. The plasmid DNA was restricted with NotI and SfiI
and the transgene was purified away from the plasmid sequence
fragment via agarose gel electrophoresis.
Transfection and Packaging and Concentration
The retroviral vector was transfected via calcium phosphate
transfection (Graham and van der Erb, 1973) into the ecotropic c-2
Mann et al., 1983) packaging cell line and 3 days later the cell
ulture medium was taken to infect the PA317 (Miller et al., 1985)
mphotropic packaging cell line. These procedures were described
reviously (Linney et al., 1987). After 1 week, the infected ampho-
ropic packaging line cells were sorted for GFP expression in a
ecton–Dickinson Facstar cell sorter using the fluorescein channel
or excitation and emission. The resulting cells were grown up to
arger numbers and medium from the cells was collected and used
o infect the 293GPG packaging cell line (Ory et al., 1996). These
ells were cultured under puromycin, tetracycline, and Geneticin
election as appropriate for the tetracycline repressible promoter 59
f the vsv-G gene. The GFP-positive cells went through two rounds
f cell sorter selection to obtain cell populations with the greatest
xpression of GFP. While this cell line has a tetracycline-
epressible promoter driving the vsv-G protein, better titers were
btained if the cells were countertransfected with a CMV-vsv-G
xpression vector using Promega Tfm-20 transfectant at the same
ime the cells were released from antibiotic selection. Cells (5 3
06) were plated out on 10-cm plates, transfected, and overlaid with
edium that had been prefiltered with a 0.2-mm filter. Medium
was collected 3 days later, prespun at 2000 rpm in an IEC HN-SII
tabletop centrifuge, and then spun in a SW28rotor at 5°C for 90
min. The pellet was resuspended in 0.13 Hanks’ basal salt solution
vernight at 5°C at a 100-fold concentration from the original
edium. Polybrene at 8 mg/ml was added to this suspension and
he virus stock aliquoted in 10-ml aliquots and stored in a 285°C
freezer.
Infection of Embryos
The vector stocks were quantitated for titer by infecting mouse
3T3 cells with dilutions of the vector and examining the cells for
fluorescence 2 or 3 days later. The titers were 1–3 3 109/ml. That
is, 1 ml of this concentrated virus stock would transfer GFP
expression to 1–3 3 109 3T3 cells.
Microinjection pipets were pulled on a Sutter Brown-Flaming
micropipet puller and the tips beveled on a Sutter K. T. Brown
microbeveler to a 5- to 10-mm outside diameter. Vector stock was
microinjected into four different locations at the base of 500- to
1000-cell-stage zebrafish embryos. The embryos were visually
examined for GFP expression the next day. While all embryos were
expressing GFP, 20–60% of the stronger and more widespread
GFP-expressing embryos were then cultured and grown to adult
fish using procedures described in “The Zebrafish Book” (Wester-
field, 1993). The adult fish were mated and the DNA from the
progeny was extracted for PCR analysis. Sibling progeny of those
founders that gave PCR positives were then screened for fluores-
cence.
s of reproduction in any form reserved.
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209Pseudotyped Retroviral Vector TransgenesisInjection of Embryos with DNA
Micropipets with 1-mm outside diameter and 0.78-mm inside
diameter were pulled on a Sutter Brown-Flaming puller. The tips
were beveled on a Sutter K. T. Brown microbeveler to approxi-
mately a 5-mm outside diameter tip. Linear, restricted, purified
DNA at 100 ng/ml was microinjected into fertilized, one-cell,
zebrafish embryos using a Narashige foot-pedal-operated gas injec-
tor. While all of the embryos were expressing GFP, 10–40% of
those expressing GFP more widely throughout the 24-h embryos
were chosen and then cultured and grown to adult fish using
procedures described in “The Zebrafish Book” (Westerfield, 1993).
The adult fish were mated and the progeny examined for GFP
fluorescence. Fluorescent progeny were then grown to adults and
used to produce more transgenic progeny. Six transgenic founder
lines were isolated from 70 injected embryos that were grown to
sexual maturity. This frequency is probably six founder lines from
50 fish since the first 20 fish examined were visually screened on a
dissection microscope with an epifluorescence attachment. It later
became apparent that using a research microscope with high
numerical objectives was sometimes necessary to clearly detect
GFP-expressing embryos. Therefore, some transgenic founders may
have gone undetected in the first 20 fish examined. In some of the
lines, the transgene was bred to homozygosity.
Polymerase Chain Reaction Analysis
DNA was extracted from embryos by incubation with proteinase
K, Triton-X, and EDTA in a Tris-buffered solution for 2–5 h at
55°C. The sample was then boiled for 5 min to denature the
proteinase K. The remaining particulates were pelleted and the
supernatants saved for analysis.
PCR analysis was conducted in a 96-well array with 25 ml of mix
for each 1 ml of extracted DNA. The mix contained a final
concentration of 0.4 pmol/ml each primer, 0.2 mM each dNTP, 2.0
M MgCl2, 13 PCR buffer, and 0.03 Units/ml Life Technologies
aq DNA polymerase. The primers used were selected with the
rogram DNAStar (Lazergene) for a 373-bp region of eGFP. The up-
nd downstream primers from 59 to 39 were, respectively, CGT
CA GGA GCG CAC CAT CTT CTT and ATC GCG CTT CTC
TT GGG GTC TTT. A doped GFP control was used in each
6-well PCR to ensure the integrity of the mix and a small, separate
CR mix was run simultaneously for a 700-bp fragment of ze-
rafish Ef1a gene, to ensure the integrity of the DNA from the
xtractions. The 59 and 39 primers for the zEf1a control were,
espectively, TCT GTT GAG ATG CAC CAC GA and TTG GAA
GG TGT GAT TGA GG. On an MJ Research PTC-100 the DNA
as denatured for 30 s at 95°C and the primers were annealed for
0 s at 55°C and extended for 1 min at 72°C. After 30 cycles of
mplification, the samples were incubated for 7 min at 72°C and
aintained at 4°C. The samples were run on a 1.5% agarose gel to
dentify the positive PCR products.
Microphotography
Microphotography was performed using a Zeiss Axiovert and
Fluar objectives. A Princeton Instruments Micromax cooled CCD
camera was used to collect images. In some cases, confocal sections
were acquired using an Atto CARV, Nipkow disk confocal scanner.
Images were collected using Scanalytics IP Lab Spectrum software.
Color micrographs were pseudocolored to green.
u
m
Copyright © 1999 by Academic Press. All rightRESULTS
The basic vector used to produce the retroviral vector is
described in Fig. 1A. Since the Xenopus Ef1-a enhancer/
promoter regulatory sequence had already been shown
adequate for producing expressing transgenic zebrafish via
DNA microinjection (Amsterdam et al., 1995) and because
our transient injection work showed that it efficiently
provided us with widespread GFP expression, we used this
as an internal regulatory sequence in the retroviral vector.
For comparison, we constructed a DNA injection vector
(Fig. 1C) similar to the construct that was successfully used
by the Hopkins laboratory (Amsterdam et al., 1995) but
based on core sequences formerly used in transgenic mouse
work (Balkan et al., 1992a,b).
The procedures for packaging the vector are presented
under Materials and Methods and illustrated in Fig. 1B. A
fluorescent-cell sorter was used to select for strong GFP-
expressing cells. The two retroviral vector stocks used for
infection varied in titer from 1 3 109 to 3 3 109/ml based
FIG. 1. (A) Diagram of retroviral vector used in this study. Ef1a
stands for the Xenopus enhancer/promoter regulatory region for
his gene. eGFPntd is an enhanced GFP with a nuclear transloca-
ion domain at the carboxyl end. (B) Outline of procedure used to
ackage the retroviral vector. The retroviral vector was transfected
nto the c-2 ecotropic packaging cell line. Medium from the
transfected cells was used to infect the amphotropic packaging cell
line PA317. Medium from the PA317 cell line was used to infect
the env2 packaging cell line. The PA317 cells were cell sorted once
and the env2 packaging cell line was sorted twice. (C) Diagram of
the transgene used to microinject into zebrafish one-cell embryos.pon their ability to transfer GFP fluorescence to infected
ouse 3T3 fibroblast cells. Illustrated in Fig. 2A is the
s of reproduction in any form reserved.
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210 Linney et al.resulting GFP expression obtained the day after concen-
trated viral stocks were used to microinject virus into four
FIG. 2. (A) Zebrafish embryos were infected at the 500- to 1000-ce
four separate sites. 24 h after the infection, embryos were examin
typical view of the expression obtained. (B) Follicles from an Ef1-a
the GFP is present in the nucleus (similar observations were madedifferent regions of 500- to 1000-cell embryos.
The infected embryos were grown up and mated to
G
d
Copyright © 1999 by Academic Press. All rightninfected fish. Embryos were collected and their DNAs
ndividually isolated and assayed for the presence of the
age with pseudotyped retroviral vector via injection of virions into
the fluorescence microscope for GFP expression. This field is a
erived adult that was sacrificed to examine the ovaries. Note that
ollicles from a RVEG-19 female).ll st
ed inFP gene via PCR analysis. Of 60 fish examined, 6 pro-
uced progeny carrying the transgene. Four of these were
s of reproduction in any form reserved.
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211Pseudotyped Retroviral Vector Transgenesisfemales and 2 were males(see Table 1). When they were
bred and their progeny examined for GFP expression, all 6
founders had produced progeny that expressed GFP. We
noticed a pattern of expression of GFP that differs depen-
dent upon whether the transgenic parent is male or female.
Progeny from female transgenics express GFP before the
zygotic genome is turned on. To investigate this, a trans-
genic female adult was sacrificed and her ovaries were
examined for GFP expression. The nuclei of the oocytes in
the ovarian follicles were clearly positive for eGFP expres-
sion (see Fig. 2B). In Fig. 3 we illustrate expression of the
GFP at various stages of development. The embryos in Figs.
3A, 3B, 3E, and 3F are from a female transgenic founder. As
one can see in Fig. 3A, there is a clear and bright fluores-
cence at a stage before the zygotic genome has turned on.
We have noticed in embryos from these transgenic lines,
and in embryos from transgenic lines from some other
expressing transgenes, that the stability of the GFP mole-
cule in combination with the inheritance of the GFP
molecule from the oocytes of transgenic females can cause
misinterpretations about the strength of transgenic signal.
Figures 3C and 3D illustrate the pattern at the dome stage;
the embryo in the lower left is derived from a female
transgenic parent while the embryo in the upper right is
derived from a male transgenic parent of the same line.
While the zygotic genome is turning on at this point in
time, we do not detect transgene expression until 5–7 h
after fertilization in the 12 lines. By 24 h of development, a
considerable amount of the embryo is fluorescent (Fig. 3E).
The extent of the expression and the nuclear localization of
the transgene are illustrated by low-power Nipkow disk
scanning confocal images of a 24-h-old embryo produced by
TABLE 1
Name
Founder
sex
% Founder progeny
transgenic
GFP
expression
Retroviral vector-produced transgenics
VEG-19 Female 5.8 111
VEG-29 Male 4.2 11
VEG-31 Male 7.5 11
VEG-36 Female 10.0 111
VEG-48 Female 12.5 111
VEG-51 Female 3.2 111
DNA microinjection-produced transgenics
f1-a-22 Female 38.5 1
Ef1-a-30 Male 48.7 1
Ef1-a-39 Male 7.0 1111
Ef1-a-55 Male 22.0 1111
Ef1-a-64 Male 31.4 111
Ef1-a-70 Female 21.0 111a female transgenic produced by retroviral vector infection
(Figs. 4A, 4B, and 4C).
t
f
Copyright © 1999 by Academic Press. All rightTransgenic fish were also produced from direct DNA
njection of one-cell embryos. DNA was microinjected
hrough the chorion and to do this consistently it was
seful to bevel the tips of the microinjection pipets with a
icrobeveler so that they would have the strength to pierce
he chorion plus the sharpness to penetrate the embryonic
embrane without serious injury to the embryo. Six inde-
endent, GFP-expressing transgenic lines of zebrafish that
ere produced with the transgene are illustrated in Fig. 1C.
o identify these 6 lines, 50 lines of fish derived from DNA
njection were screened for fluorescent expression using a
eiss Axiovert microscope with Fluar objectives. In Table
, we summarize the results we have obtained in our
tudies involving the microinjection of DNA into embryos
o produce expressing transgenic progeny. For both retrovi-
al vector infection and DNA microinjection male and
emale founders were identified. In most cases, the trans-
enic founders were chimeric, indicating that the transgene
ntegrated into the germ line after it was determined (only
f1-a-30 in Table 1 appears to be nonchimeric). A qualita-
ive expression of relative brightness of each line based
pon exposure time to obtain a fluorescent image is indi-
ated in the last column of the table. When the fluorescent
1 progeny of either category of transgenic is bred, the
ransgene is passed down to approximately 50% of the
rogeny. The DNA injection-produced Ef1-a-39 line has
been taken to the F3 generation with no detectable change
in GFP expression of the progeny. The retroviral vector-
produced RVEG-19 line has been taken to the F2 generation
with no detectable change in the GFP expression of the
progeny. The only noticeable differences correspond to the
maternal inheritance of GFP from the oocyte. While the
transgene has been identified as turning on between 5 and
7 h after fertilization for all our GFP-expressing lines, the
GFP from the oocytes of transgenic female founders can
still contribute to the GFP signal 24 h after fertilization. A
comparison of the GFP signal at 24 h after fertilization from
an embryo produced from a male Ef1-a-39 parent and from
a female Ef1-a-39 parent is illustrated in Fig. 4D. This
ifference diminishes significantly at 48 h(see Figs. 4E and
F). As the organism develops, the natural pigmentation
bscures the fluorescent signal that is observable. Similar
bservations have been made with transgenic embryos
erived from retroviral vectors.
GFP-fluorescent embryos from all the transgenic
ounders described in Table 1 have been examined for
xpression at various times before and after the zygotic
enome is turned on through at least 72 h after fertilization.
n examining embryos derived from male founders, the gene
xpression of the embryos for all the lines is noticeable
ithin 5–7 h after fertilization. We have not detected a
ifference between the transgenic embryos produced via
NA injection and those produced after retroviral vector
nfection. The figures presented here are representative of
he qualitative pictures obtained from embryos derived
rom all of these transgenic lines.
s of reproduction in any form reserved.
212 Linney et al.FIG. 3. GFP-positive embryos derived from transgenic founder produced via pseudotyped retroviral vector infection. (A and B) 16-cell
embryos derived from transgenic female parent—note the GFP even though the zygotic genome has not turned on. (C and D) GFP from a
dome-stage embryo—the transgenic embryo in the lower left was derived from a transgenic female parent while the transgenic embryo in
the upper right was derived from a transgenic male parent. The fluorescence in the lower left embryo is derived from the oocyte. Even
though the zygotic genome is beginning to turn on at this time, we routinely do not detect embryonic GFP until 5–7 h after fertilization.
(E and F) 24-h embryo derived from transgenic female parent.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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213Pseudotyped Retroviral Vector TransgenesisFIG. 4. (A, B, and C) Low-power Nipkow disk confocal sections of the embryo illustrated in Fig. 3. These images are of a retroviral
ector-produced transgenic embryo. (D, E, and F) Transgenic embryos derived from DNA microinjection. (A) is a section through otic
esicle, (B) is a section through the eye, and (C) is a sagittal section through the tail. Note the nuclear localization of the GFP signal. (D)
s a comparison of embryos of the Ef1 a-39 line at 24 h. The upper embryo is derived from a female transgenic parent and the lower embryo
is derived from a male transgenic parent. Note that even at 24 h there is a noticeable increase in the GFP signal of the embryo from the
female parent. (E) is a 48-h embryo from a female parent and (F) is a 48-h embryo from a male parent. The difference is GFP signal diminishes
by this developmental time.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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214 Linney et al.DISCUSSION
Our current results indicate that pseudotyped retroviral
vector infection can be used as an alternative means of
producing expressing transgenic zebrafish. For individuals
considering this alternative route, several points should be
made: (1) the time and effort involved in passing the
retroviral vector through one or more packaging cell lines to
select for cells producing retroviral particles can take 1–4
months depending upon the means by which one packages
and selects the vector; therefore, this would be added time
compared with injecting only a DNA transgene (however,
once a vector stock is developed, this remains useful for
further studies and for studies with other organisms—we
know the retroviral vector used in this study expresses in
mouse cells, human cells, zebrafish embryos, and chick
embryos); (2) it is now clear that several laboratories have
shown that developmental regulation can be obtained via
DNA microinjection transgenesis in zebrafish (Meng et al.,
1997; Long et al., 1997; Higashijima et al., 1997); it remains
o be shown whether transcriptional signals in the flanking
etroviral long terminal repeats (LTRs) might impact upon
evelopmental regulation of an internal regulatory se-
uence in a retroviral vector; and (3) the efficiencies by
hich we obtained expressing transgenics via either retro-
iral vector infection or DNA injection are comparable
10–40% preselection of injected embryos allowed us to
ecover 6 expressing transgenics from 50–70 selected em-
ryos grown to sexual maturity and examined versus 20–
0% preselection of retroviral vector-infected embryos fol-
owed by identifying 6 expressing transgenic founders from
0 selected embryos grown to sexual maturity). Therefore,
hile the efficiencies of transgenesis are comparable, the
xtra effort in producing a packaged vector could be a
eterrent to using the retroviral vector method. However,
nce the retroviral vector is packaged and concentrated,
ery little of it is necessary for making transgenics. Cer-
ainly, the transient expression results of Fig. 2A illustrate
he short-term usefulness of this procedure for integrating
nd expressing a gene ectopically. It should be pointed out
hat we introduced the retroviral vector into the embryo at
bout the time that the zygotic genome is turned on. This
as done because of the success of the Hopkins laboratory
n introducing germ-line integrants through infection at
his stage (Lin et al., 1994; Gaiano et al., 1996a,b). In a series
of infections of 1-cell to greater than 1000-cell embryos
followed by examination for GFP expression the next day,
we found some GFP expression in 100% of embryos that
were infected at the 512-cell, 1000-cell, and higher stages.
The earliest stage of infection at which we detected expres-
sion was the 16-cell stage and this was in only 1 of 25
infected embryos (data not shown). We have not followed
these embryos to determine the percentage of germ-line
integrants. However, these preliminary results are consis-
tent with the choice of the 500- to 1000-cell-stage embryo
for retroviral vector infection (i.e., the stage used to produce
the transgenic fish).
Copyright © 1999 by Academic Press. All rightThis study was initiated with the intention of producing
xpressing transgenic lines of zebrafish via pseudotyped
etroviral vectors. From previous work on producing mu-
ine retroviral vectors for expression in mouse stem cells
Linney et al., 1984, 1987; Carey et al., 1995) we realized
hat simple retroviral vector structures minimized recom-
ination of the vector. To obtain high titers we passed our
ector through an amphotropic packaging line before we
assed it into the env2 packaging line. Previous studies
Hwang and Gilboa, 1984) plus our own work (Linney et al.,
987) had shown that one obtains a higher titer-producing
ell line if the vector is infected rather than transfected into
he cell line. In addition, we placed considerable selection
ressure on obtaining a vector stock that would express the
eporter GFP gene by using fluorescent-cell sorting of the
ackaging lines for GFP fluorescence. The absence of such a
election could be responsible for the abnormalities in a
etroviral vector stock generated by the Hopkins laboratory
Gaiano et al., 1996a). It should be pointed out that selec-
ion for GFP expression through cell sorting demands that
he regulatory sequences in the retroviral vector be permis-
ive in the packaging lines. Since in the vector used in this
tudy, transcription in the packaging cell line could initiate
rom either the promoter in the retroviral vector LTR or the
nternal promoter, if one was to use internal, developmen-
ally regulatable promoters in the retroviral vectors, one
ight not be able obtain GFP translation in a mammalian
ackaging cell line and thus not be able to use cell sorting to
elect for GFP-expressing vectors. For this reason, planned
onstructs with developmentally regulatable promoters
ill have internal ribosome entry sites 59 of the GFP
eporter gene so that fluorescent protein could be translated
rom a retroviral vector LTR promoter-initiated transcript
n the packaging cell lines.
At the present time our efficiency of introducing the
etroviral vectors into the germ line is approximately 1 in
0 adult fish selected (i.e., derived from embryos that were
riginally clearly expressing GFP in the somatic tissue). We
ould like to improve this efficiency so that the efficiency
f both producing transgenics and producing germ-line
nsertions could be enhanced. We have made a transgenic
ine of zebrafish that is expressing GFP in the primordial
erm cells of the developing embryo. We hope to use this
ine in conjunction with retroviral vectors expressing a
iscernibly different GFP to improve our efficiency of
nfection and germ-line insertion.
Our initial examination of GFP expression in the em-
ryos was confusing to us because of the GFP fluorescence
ontributed via the oocyte. While this was not pointed out
n the original article describing Ef1-a-regulated GFP trans-
genic fish, that earlier publication did not use an enhanced
GFP reporter gene (Amsterdam et al., 1995). In distinction,
the GFP reporter gene we used had several enhancements to
allow for greater sensitivity: a nuclear translocation domain
to target expression to the nucleus and mutations that
shifted the excitation wavelength from the ultraviolet to
the blue, which reduces autofluorescence in zebrafish em-
s of reproduction in any form reserved.
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215Pseudotyped Retroviral Vector Transgenesisbryos. Since we have now made DNA injection transgenics
with three other regulatory sequences, we notice that this
contribution of GFP from female transgenic parents is not
unique to the Ef1-a regulatory sequences. This is interest-
ng in at least three different contexts: (1) GFP could be a
aluable reporter gene for events occurring during oocyte
evelopment, (2) this effect could possibly be exploited to
xpress defined proteins in oocytes for easy collection and
urification of selected protein, and (3) the stability of GFP
an create problems in the interpretation and use of it as a
eporter in systems that develop as rapidly as zebrafish.
ith at least one different set of transgenic lines, expres-
ion of GFP in the oocyte is before the first meiotic
ivision—this results in some oocytes having GFP but not
aving the transgene. If one expected the resulting embryo
o be transgenic without examining the DNA for the
ransgene, it would appear as though the transgene was lost
n the next generation. Since we have made and are con-
inuing to make transgenic zebrafish with inducible pro-
oters, we are now examining the use of GFP fusion
olecules which have significant reductions in stability so
hat they might more accurately represent the increase and
eduction that normally occurs in differentially regulated
enes.
Transgenesis via retroviral vector infection can have
everal different uses: (1) as an alternative to DNA injection
or producing expressing transgenic lines of fish, (2) to
roduce ectopic expression in embryos, (3) possibly for
imiting the number of copies of transgene introduced into
he germ line (the retroviral vector integration is through a
ingle insertion), and (4) to examine and quantitate the
sefulness and efficiency of introducing identifiable and
etrievable insertions into the zebrafish germ line. We are
urrently in the process of making or packaging retroviral
ectors to address the following questions: (1) Can we
onfer zebrafish transgenic developmental expression via a
etroviral vector? (2) Can we confer inducible transgenic
xpression via a retroviral vector? (3) Can we confer trans-
enic expression with polycistronic mRNAs containing
nternal IRES?
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